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Abstract 44 
Air quality is often assessed using particulate matter (PM) mass concentration 45 
without considering its toxicity, thus possibly leading to improper control policies or 46 
inadequate health protection. Here, we studied differences in oxidative potentials 47 
(OPs) of PM samples collected using automobile air conditioning (AC) filters from 19 48 
global cities, including influences from microbial contents. Dithiothreitol (DTT) assay 49 
showed remarkable differences in the PM OPs among cities (p-values <= 0.001, 50 
Kruskal-Wallis test). For example, the normalized index of oxidant generation (NIOG) 51 
of PM samples in San Francisco (2.20×10-2, annual average PM10=16 µg/m3) was 52 
found to be twice that in Beijing (1.14×10-2, annual average PM10=135 µg/m3). 53 
Limulus amebocyte lysate (LAL) assay found that PM-borne endotoxin ranged from 54 
12.16 EU/mg (Florianopolis, Brazil) to 2518.23 EU/mg (Chennai, India) among cities. 55 
Besides, culturing method and real-time qPCR revealed significant differences up to 56 
~100-fold in both bacterial and fungal levels among 19 cities. Spearman’s correlation 57 
analysis implied that PM-borne microbes such as bacteria and fungi as well as metals 58 
could strongly influence the PM OP. As an example, our results in Xi’an, China 59 
further suggest that the PM2.5 OP evolves for a particular city over the time, which is 60 
attributable to both the urbanization and air pollution control measures. This work 61 
highlights the importance in optimizing the current air quality control measures by 62 
considering the toxicity factor and its microbial constituents.  63 
 64 
Keywords: PM toxicity, biologicals, oxidative potential, air quality 65 
 66 
 67 
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Graphical abstract 74 
 75 
 76 
 77 
Highlights 78 
Ambient PM toxicity per unit of mass was shown to vary greatly with different 79 
cities across the world  80 
PM-borne biologicals were shown to exhibit remarkable differences across major 81 
cities, contributing to the difference of PM toxicity 82 
PM toxicity was shown to evolve over the time as a result of ground human 83 
activities as well as air pollution control measures 84 
This work highlights the need of taking into account of PM toxicity for future air 85 
pollution control efforts 86 
 87 
Introduction 88 
Ambient particulate matter (PM) is described as a major contributor to premature 89 
mortality and shortened life expectancy (Lelieveld et al., 2015). Globally, Western 90 
Pacific and Southeast Asia are among the most affected regions, having mortality 91 
rates attributable to air pollution of 80.7 and 48.9 deaths per 100 000 in 2010, 92 
respectively (Lelieveld et al., 2015). As for current air quality assessment, PM mass 93 
concentration is generally used. For example, the 24-hour ambient air quality 94 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
4 
 
guideline values for PM2.5 from World Health Organization (WHO), United States and 95 
China are 25 µg/m3, 35 µg/m3 , and 75 µg/m3, respectively (U.S. EPA, 2012; 96 
GB3095-2012; WHO, 2005). An increase of 10 µg/m3 in ambient PM2.5 was shown to 97 
be statistically associated with a 9% increase in mortality risk for non-accidental 98 
causes (Yin et al., 2017). On the other hand, PM compositions were also shown to 99 
influence its toxicity, thus on the PM mass-health relationship (Strak et al., 2012; 100 
Tuomisto et al., 2008). Some other studies also showed that the toxicity of PM was 101 
source-dependent (Lippmann et al., 2013; Mcwhinney et al., 2013). However, current 102 
air quality assessment uses the same PM2.5 mass concentration guideline value 103 
without considering its toxicity difference for all locations. 104 
 105 
It is known that PM compositions such as organic carbon (OC), element carbon 106 
(EC), polycyclic aromatic hydrocarbon (PAHs), and transition metals are strongly 107 
associated with reactive oxygen species (ROS) (a major indicator for oxidative 108 
potential) generation in human cells (Brook et al., 2010; Huang et al., 2013; Li et al., 109 
2003; Samake et al., 2017; Strak et al., 2012). For example, one study revealed that 110 
water-soluble V and Cr from PM2.5 were significantly associated with the increase of 111 
DNA damage measured in blood (Sorensen et al., 2003). The PM oxidative potential 112 
(OP) was also shown to vary greatly among 20 sampling sites in Europe (Künzli et al., 113 
2006). Likewise, it was reported by Weichenthal et al., (2016a,b) that the between-city 114 
differences on PM OP could modify the impact of PM2.5, even at its low levels, on 115 
acute respiratory illnesses and myocardial infarction. Among others, Manzano-León 116 
et al. (2016) showed that there was an additional seasonal impact on the PM 117 
composition, which accordingly influenced its deleterious effects. On the other hand, 118 
it was reported very recently that PM-borne bacteria and fungi, in addition to causing 119 
opportunistic infections, could modify the PM OP by interplaying with its contents 120 
(Samake et al., 2017; Vaïtilingom et al., 2011, 2013). For example, Samake et al. 121 
(2017) confirmed a cumulative effect on OP by fungal spores (Aspergillus fumigatus) 122 
with airborne PM, copper and 1,4-naphthoquinone (1,4-NQ), in contrast to a strong 123 
reductive effect from bacterial cells (Staphylococcus epidermidis). Independent of 124 
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metabolism, inactivated microbes were also shown to exhibit the same OPs as viable 125 
microbes, implying their ROS generation capability (Samake et al., 2017). For 126 
example, endotoxin, as a major constituent of the outer cell membrane of 127 
Gram-negative bacteria, is thought to mediate pro-inflammatory responses, thus 128 
playing a role in various respiratory problems such as asthma, fever, shivering, 129 
arthralgia, cardiovascular diseases, and even a rapid increase in blood pressure when 130 
inhaled (Beutler and Rietschel, 2003; Suffredini et al., 1989; Takano et al., 2002; 131 
Zhong et al., 2015). Therefore, the health effects of PM to some extent, as suggested 132 
above, also depend on their biologicals in addition to metals and organics. Some other 133 
studies have shown that such constitutes of PM varied greatly across different 134 
geographical locations (Bell et al., 2007; Heinrich et al., 2003; Laden et al., 2000; 135 
Mueller-Anneling et al., 2004; Schins et al., 2004). 136 
 137 
Accordingly, it is plausible that current air quality assessment practice could lead 138 
to improper control policies or inadequate health protection. Here, this work was 139 
conducted to address the following questions: 1) Are there any significant differences 140 
in oxidative potential (OP) per unit mass of PM among different world cities? Are 141 
there any evolutions in OP over a longer time period, e.g., 10 years, for a specific city? 142 
What are the possible influencing factors? ; 2) Are there any significant differences in 143 
biological components, e.g. endotoxin, bacteria, fungi, in ambient PM among 144 
different world cities? ; 3) Is the current air quality assessment of using PM mass 145 
concentration adequate or appropriate regardless of locations for protection of public 146 
health from air pollution? The corresponding information is of great help for 147 
optimizing air pollution control and understanding current air quality assessment 148 
practice drawbacks. 149 
 150 
Materials and Methods 151 
Ambient PM sample collection  152 
Global ambient PM sample collection using automobile AC filters: In this 153 
work, we utilized a previously reported automobile air conditioning (AC) filter 154 
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method (Li et al., 2013) to collect ambient particulate matter (PM) samples from 19 155 
cities in 13 countries under 8 different climate zones across the globe. The air samples 156 
used in this work were the same as those in our previous work (Li et al., 2018), but 157 
analyzed for toxicity. Fig. 1 shows a) these locations in the world map and 158 
corresponding climate zones as stated by Li et al., 2018, and b) every city’s annual 159 
average mass concentrations of PM10 and PM2.5 according to the Ambient Air 160 
Pollution Database provided by WHO (2016). As described previously, a total of 174 161 
used AC filters were collected from randomly selected automobiles without 162 
considering specific times or seasons from 2016 to 2017 (Li et al., 2018). Here, 163 
grouping the AC filters based on seasons is difficult since these automobiles are 164 
located under different climatic zones and have different frequencies in replacing the 165 
AC filters. Nonetheless, different replacing frequencies would significantly affect the 166 
total PM mass, but not the PM toxicity per unit of mass for the same season. As the 167 
PM accumulates over time, the AC filters despite different brands should have similar 168 
performance with respect to their filtration efficiencies. For example, at certain point, 169 
the AC filter not just collects large particles, but also smaller ones because all the 170 
“collecting pores” of the filter are filled with particles (not many particles can pass 171 
through). Accordingly, particles of all size were collected onto the AC filter. Acquired 172 
from ClimaTemps (http://www.climatemps.com/), the meteorological conditions 173 
including annual average daily maximum and minimum temperatures, annual average 174 
relative humidity (RH) and annual precipitation in each city are presented in Table S1 175 
(Supporting Information). In this work, the PM samples were obtained by first 176 
shaking them onto a white office paper from the automobile AC filters, then poured 177 
into a 50-mL centrifuge tube (Corning® Premium Quality, Acton, MA, USA), which 178 
were further analyzed for weight using an analytical balance (AL204IC, Mettler 179 
Toledo, Inc., Greifensee, Switzerland). The obtained 50-mL tubes, which contained 180 
the PM samples, were subsequently extracted by pre-calculated volumes of sterile 181 
deionized (DI) water (Milli-Q, Millipore, Billerica, MA, USA) to achieve a PM 182 
concentration of ~1 mg/mL. The PM extraction solutions were subsequently treated 183 
by vigorous vortexing for 15 min at a rate of 2800 rpm and then stored at -20°C until 184 
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further experiments. Here, the PM samples collected from the AC filters contained 185 
both PM2.5 and coarse particles. In this work, we did not perform any solution-based 186 
extraction of PM from the filter, thus the filter material could have had minor 187 
interferences on the PM (If any, it could be diluted by the large volume of PM mass 188 
collected from the filter, e.g., more than 20 mg PM). In terms with the quality control, 189 
the same type of office paper was used along with a new AC filter (purchased in 190 
Beijing, China) to conduct the same procedures described above (although no visible 191 
particles obtained). The obtained 50-mL tube containing the DI water from this 192 
control AC filter was used as a negative control in all of our experiments.  193 
 194 
 195 
Fig. 1 (a) Automobile AC filter collection map (the map was obtained using ArcGIS 196 
10.2 (Esri)) as also used in our previous work (Li et al., 2018); and corresponding 197 
climate zones, wherein n indicates the sample size for each city; and (b) cities’ annual 198 
average mass concentrations of PM10 and PM2.5 from the Ambient Air Pollution 199 
Database provided by WHO (2016).  200 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
 201 
Xi’an’s PM2.5 samples and pretreatment: To study the evolution of particle 202 
toxicity over the years, PM2.5 samples from Chinese Academy of Sciences’ Institute of 203 
Earth Environment over a 10-year time period in Xi’an were used for analysis in this 204 
work. As described in an earlier study (Li et al., 2018), these samples were collected 205 
over the years at an urban monitoring site which was located on the rooftop (∼ 10 m 206 
above the ground) of the institute building (E 108.887°, N 34.229°), surrounded by a 207 
residential area ∼ 15 km south of downtown Xi’an, Northwest China. A portable 208 
atmospheric particulate matter sampler, MiniVol® Tactical Air Sampler (TAS) 209 
(Airmetrics, Inc., Springfield, Oregon, USA), was used with a sampling flow rate of 5 210 
L/min to collect pre-defined 24-hour PM2.5 samples. The PM2.5 samples were 211 
collected onto quartz filters (47 mm, Whatman QM/A, England), and were further 212 
sterilized by baking at 780 °C for 3 h before use. For weighing the filter, the 213 
gravimetrical method was applied according to the protocol reported in a previous 214 
study (Cao et al., 2005). After the weight analysis, each filter sample was sealed and 215 
stored at -20°C. A total of 72 quartz filter samples, respectively from 6th or 7th and 25th 216 
of each month (January to December) for 2004, 2009 and 2014 as listed in 217 
Supplementary Excel file S1, were selected and analyzed. Prior to all experiments, 218 
PM2.5 samples were extracted, as described in our previous work (Li et al., 2018), 219 
from quartz filter samples by the following procedures: Firstly, each of the filters was 220 
cut into pieces, ranging from 1.4 to 2.8 cm2 in area using a sterile cutter. Each filter 221 
piece was then placed into 2 mL of sterile purified water with 0.05% Tween 20 222 
(Solarbio, Inc., Beijing, China) in a sterile centrifuge tube, then subjected to 20 min of 223 
sonication, followed by a vortex mixing for 40 min at 2800 rpm. PM2.5 extraction 224 
samples were stored at -20°C until subsequent experiments. Due to sampler 225 
malfunction, mass concentration values of PM2.5 samples on July 25th 2004, July 25th 226 
2009 and November 25th 2009 were not obtained. Here, automobile AC filter samples 227 
from Xi’an city were not obtained at the time of our global sample collection.  228 
 229 
DTT assay procedure for PM toxicity 230 
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The DTT (Dithiothreitol, HSCH2(CH(OH))2CH2SH) assay was used to analyze 231 
the oxidative potential (OP) in global ambient PM and Xi’an’s PM2.5 extraction 232 
samples. Redox-active compounds catalyze the oxygen reduction to superoxide by 233 
DTT, which is then oxidized into disulfide. The remaining thiol was used to react with 234 
5,5’-dithiobis-2-nitrobenzoic acid (DTNB), generating a mixture of disulfide and 235 
5-mercapto-2-nitrobenzoic acid (TNBA). The mixture was further quantified by its 236 
absorption at 412 nm. The solutions used for DTT assay, including the buffer solution, 237 
DTT and DTNB, were prepared according to a previous work by Kramer et al. (2016). 238 
The DTT assay was carried out in a following system: 50 µL of 0.5 mM DTT, 1.0 mL 239 
of buffer solution, 200 µL of 10-fold diluted PM extraction solution (0.1µg/µL) or 50 240 
µL/100 µL of PM2.5 extraction solution or 200 µL of negative control (sterile purified 241 
water with 0.05% Tween-20) or 10, 20, 30, 40, 50 µL of external standard (0.01 µg/µL 242 
1,4-napthaquinone (1,4-NQ)) or blank (1000-fold diluted dimethyl sulfoxide 243 
(DMSO)). After well mixed, all the tubes were incubated at 37°C for 30 min and 244 
shielded from exposure to light. 100 µL of 1.0 mM DTNB was then added to each 245 
reaction solution. The absorbance of TNBA in 200 µL of each stop solutions was 246 
measured at 412 nm using a spectrophotometer (SpectraMax M2, Molecular Devices, 247 
Inc., Sunnyvale, CA, USA). The measured ROS generation potentials were expressed 248 
as the normalized index of oxidant generation (NIOG) according to the method 249 
reported by Li et al. (2009). DTT assays for all PM samples were carried out within 250 
one day after the extraction. Additionally, the volume-normalized oxidative potential 251 
characterized by NIOG per cubic meter (pcbm) of airborne PM (NIOGcpbm, µg 252 
1,4-NQ/m3) for each city including Xi’an was also calculated according to the 253 
following equation: 254 
NIOGpcbm=NIOG × PM10 or PM2.5 mass conc.             (1) 255 
where PM10 mass concentration (µg/m3) for each city can be found in Fig. 1b. Here, 256 
we use PM10 mass concentration (TSP data are not available for all cities) for 257 
estimating the geographical variations in volume-normalized concentrations among 258 
19 cities. This is reasonable since a significant linear correlation (R = 0.79-0.99, 259 
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p-value < 0.0001) was detected between PM10 and TSP, as supported by a high 260 
PM10/TSP ratio of 0.56-0.92 (Ma et al., 2017). PM2.5 mass concentration (µg/m3) of 261 
each PM2.5 sample from Xi’an is listed in Supplementary Excel file S1. 262 
 263 
Biological contents analysis 264 
Culturable bacteria and fungi analyses: Culturable bacteria and fungi fractions 265 
in global ambient PM samples were analyzed by using lysogeny broth (LB) agar plate 266 
and Sabouraud’s dextrose agar plate (Becton, Dickson and Company, Sparks, MD), 267 
respectively. The culturing conditions for bacteria and fungi were at 30 °C for 3 days 268 
and at 30 °C for 5 days, respectively, in separate incubators. For each sample three 269 
replicates were performed. 270 
 271 
Total bacteria analysis: DNA extraction of 1 mL of global ambient PM 272 
extraction solutions (1 mg/mL) and 200 µL Xi’an’s PM2.5 extraction solutions were 273 
performed according to the manufacture’s guidelines as recommended by the bacterial 274 
genome extraction kit (Tiangen Biotech, Inc., Beijing, China). DNA extracts were 275 
stored at -20°C until the real-time qPCR assay for quantifying the total bacterial cell 276 
concentration of each PM extraction solution using a standard curve. Pure cultures of 277 
Gram-negative Escherichia coli (E.coli, ATCC 15597) purchased from American 278 
Type Culture Collection (ATCC) were used as the DNA standard templates  in our 279 
experiments. The cells of E.coli were obtained by their culturing on Tryptic Soy Agar 280 
(TSA, Becton, Dickson and Company, Sparks, MD) plates at 30 °C for 24 h. When 281 
preparing the pure bacterial solution, 20 mL of autoclaved water was added into the 282 
agar plate and colonies of E.coli were gently scraped from the agar surfaces using an 283 
inoculation loop. The resulting bacterial suspension was washed three times by 284 
pouring them into a 50 mL autoclaved tube and centrifuged at a vortex rate of 7000 285 
rpm (Eppendorf Centrifuge 5804R, Eppendorf, Hamburg, Germany) for 7 min. The 286 
final pellet of bacteria from the last centrifugation was re-suspended in the 20 mL of 287 
autoclaved water. The final achieved concentration of the pure bacterial solution was 288 
around 9.0 × 108 cells/mL (manually counted under the microscope and calculated). 289 
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Then the pure bacterial solution was serially diluted by 10-108 times as respective 290 
standard curve samples. As described above, the DNase/RNase-free ddH2O (Tiangen 291 
Biotech, Inc., Beijing, China) from the tube was used as the negative control in all 292 
PCR tests. 293 
 294 
The previously reported primers and probe are used for universal qPCR assays in 295 
this work: forward primer: 5’-TCCTACGGGAGGCAGCAGT-3’ (Tm=59±4 °C), 296 
reverse primer: 5’-GGACTACCAGGGTATCTAATCCTGTT-3’ (Tm=58±1 °C), probe: 297 
(6-FAM)-5’-CGTATTACCGCGGCTGCTGGCAC-3’-(TAMRA) (Tm=69±9 °C) 298 
(Nadkarni et al., 2002). The qPCR assay was carried out in a 50-µL reaction mixture 299 
containing 5 µL of template DNA, 1 µL of each dNTP (2.5 mM each) (Tiangen 300 
Biotech, Inc., Beijing, China), 5 µL of 10 × PCR buffer (Tiangen Biotech, Inc., 301 
Beijing, China), 0.2 µL of Taq polymerase (2.5 U/µL) (Tiangen Biotech, Inc.), 1 µL of 302 
each primer (10 µM each) (Sangon Biotech, Inc., Shanghai, China), 1 µL of probe (10 303 
µM each) (Sangon Biotech, Inc.) and 40.8 µL of DNase/RNase-free ddH2O (Tiangen 304 
Biotech, Inc.) using a 7300 Real Time PCR System (Applied Biosystems, Inc., Foster 305 
City, CA, USA). Cycling conditions were set as follows: 50 °C for 2 min, followed by 306 
initial denaturation at 95 °C for 10 min, then 40 cycles of 95 °C for 15s, and last 307 
60 °C for 1 min. 308 
 309 
Endotoxin analysis: The quantitation of endotoxin concentration in global 310 
ambient PM samples was performed by the kinetic-turbidimetric Limulus Amebocyte 311 
Lysate (LAL) assay (Associations of Cape Cod, Inc., Falmouth, MA, USA). For 312 
extracting endotoxins from particles, 10-fold diluted (using sterile DI water with 0.05% 313 
Tween 20) PM extraction solutions were subjected to vortexing for 120 min at 300 314 
rpm, and then followed by a 20 min of sonication. Each solution was subsequently 315 
centrifuged for 10 min at 3500 rpm to remove small particles and other fragments that 316 
may interfere with LAL analyses. The supernatants were then transferred into 1.5-mL 317 
centrifuge tubes. Each supernatant was ultimately diluted 30 times using sterile DI 318 
water with 0.05% Tween 20. Endotoxin concentrations in the diluted PM extraction 319 
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solutions were measured according to the manufacturer’s instructions and the 320 
procedure documented in a previous study (Yao et al., 2009). As described above, the 321 
DNase/RNase-free ddH2O (Tiangen Biotech, Inc., Beijing, China) with 0.05% Tween 322 
20 from the tube was used as the negative control in endotoxin tests. Standards, 323 
samples, spikes, and blanks were analyzed using a microplate reader (SpectraMax M2, 324 
Molecular Devices, Inc., Sunnyvale, CA, USA) at a wavelength of 405 nm for 60 min 325 
in the kinetic mode. 326 
 327 
Additionally, the volume-normalized concentrations per cubic meter (Cpcbm) of 328 
air for all the endotoxin were also estimated according to the equation below: 329 
Cpcbm=  
CPM
1000
 × PM10 mass conc.                 (2) 330 
where CPM is endotoxin concentration per unit mass of PM, PM10 is the annual 331 
average mass concentration (µg/m3) for each city (can be found in Fig. 1b). 332 
 333 
Trace elements analysis for PM2.5 samples 334 
Trace elements, including P, Ca, Ti, V, Cr, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Tl, Pb, 335 
Th, U, Na, Mg, Al, K, Mn, Fe and Ba for Xi’an’s PM2.5 samples were measured in 336 
100-fold diluted (by sterile purified water with 0.05% Tween-20) PM2.5 extraction 337 
solutions using inductively coupled plasma mass spectrometry (ICP-MS, Aurora M90, 338 
Bruker, Inc., Billerica, MA, USA). The ICP-MS was equipped with a two-channel 339 
atomizing chamber with controlled temperature at 3±0.1 °C and a quartz integration 340 
quarter with the central passage size of 2.5 mm in diameter. Before analysis, all 341 
diluted PM2.5 extraction solutions were filtered using nylon membranes (0.22 µm; 342 
Agela Technologies, Inc., Tianjin, China). A blank reagent (sterile purified water with 343 
0.05% Tween-20) as a negative control was prepared in each run following the same 344 
procedure used for the samples. The detailed experiment procedure was followed as 345 
specified in the document of “Methods for Chemical Analysis of Silicate Rocks-Part 346 
30: Determination of 44 Elements” (in Chinese) (GB/T 14506.30-2010). The metal 347 
analysis was not performed for the global city PM samples. 348 
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 349 
Statistical Analysis 350 
In this work, because the data were not Gaussian-distributed, Kruskal-Wallis 351 
one-way analysis of variance (ANOVA) on ranks for multiple and non-parametric 352 
comparisons were used to analyze differences in biological contents and oxidative 353 
potentials among different cities, as well as those between heating seasons and 354 
non-heating seasons for each year in Xi’an. Friedman Test as an alternative of 355 
ANOVA for related samples was applied to analyzing the inter-annual differences in 356 
oxidative potentials, PM2.5 mass concentrations and total bacteria during the whole 357 
year or during heating/non-heating seasons. Pearson’s correlation and Spearman’s 358 
correlation were performed to evaluate the associations between endotoxin/oxidative 359 
potentials with other factors. Friedman Tests were performed using SPSS 16.0 (IBM 360 
Corp. Ltd., NY, USA). Other statistical analyses were conducted using SigmaPlot 361 
12.5 (Systat Software, Inc., Chicago, IL, USA). The results from the negative controls 362 
were shown to be below the analytical detection limits. A p-value of 0.05 indicates a 363 
significant difference. 364 
 365 
Results and Discussion 366 
PM oxidative potential (OP) varied greatly with global cities 367 
Fig. 2 presents (a) mass-normalized PM OPs in NIOG values and (b) calculated 368 
PM OP per cubic meter of air in NIOGpcbm values in different world cities. 369 
Kruskal-Wallis tests showed statistically significant differences in both NIOG and 370 
NIOGpcbm among 19 studied cities (p-value <= 0.001). As shown in Fig. 2a, NIOG 371 
values of PM in Beijing (1.14×10-2), a city that is often frequented by haze problems, 372 
were unexpectedly found to be among the third lowest levels for all 19 cities, only 6% 373 
above Florianopolis (1.08×10-2) of Brazil, and 13% above Tours (1.01×10-2). However, 374 
the PM OP in San Francisco (2.20×10-2) with much lower PM10 mass concentration of 375 
16 µg/m3 (Fig. 1b) was found to have the highest NIOG, about 93% higher than that 376 
of Beijing. Results of rat’s exhaled breath experiment in our recently published work 377 
further confirmed above results of DTT assay (Chen et al., 2018). For example, rats 378 
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from Zurich (City A), Johannesburg (City C) and San Francisco (City D) were found 379 
to produce significantly higher exhaled IL-6 levels than those from rats in the group 380 
Beijing (City B). In addition, the results of blood-borne IL-6 concentration levels 381 
were shown to agree with the results from the DTT assay (Chen et al., 2018).  382 
 383 
Using equation (1), Fig. 2b visually shows the PM OP per cubic meter of air in 384 
NIOGpcbm (µg 1,4-NQ/m3) values estimated for different world cities. It can be clearly 385 
recognized from Fig. 2b that NIOGpcbm was extremely high in Johannesburg, 386 
Shanghai, Guangzhou, Beijing and Bandung; other cities with high levels of 387 
NIOGpcbm included Chennai and Hong Kong; those with medium levels of NIOGpcbm 388 
included Haikou, Seoul, Warsaw, Singapore, Stolberg and Paris; the remaining cities 389 
were found to have lower levels of OP per cubic meter of air. The OP variations 390 
among locations as aforementioned were also reported in other studies (Künzli et al., 391 
2006; Weichenthal et al., 2016a,b). Our results on the other hand suggest that cities 392 
with lower annual PM levels but higher PM OPs could still present health risks to 393 
those elderly, children and people with low immunity.  394 
 395 
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 396 
Fig. 2 (a) Boxplots of mass-normalized oxidative potentials (NIOG values); and (b) 397 
volume-normalized oxidative potential estimates (NIOGpcbm values) across different 398 
world cities. In (a) the upper and lower ends of the box respectively represent 75% 399 
and 25% percentiles; the vertical bars above and below respectively indicate 90th and 400 
10th percentiles, with the upper and lower circles showing the data outside 90th and 401 
10th percentiles; the lines inside the box are for mean (bold ones) and median values. 402 
p-value is the statistical result of Kruskal-Wallis Test. The toxicity values for cities 403 
marked with “*“ in the figure were used to evaluate an online PM toxicity analysis 404 
method in another work(Chen et al., 2018). 405 
 406 
Our results on OP per unit mass of PM (NIOG) here might be partially explained 407 
by variations in its PM organic and inorganic components and source among different 408 
cities. For example, the relative mass percentages of PM2.5-borne components that 409 
have strong associations with ROS generation such as OC, EC, NO-3, transition metals 410 
(Cu, Ni, Zn and Fe) in San Jose (close to San Francisco), California were reported as 411 
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34.7%, 6.7%, 19.2%, 0.04%, 0.05%, 0.06% and 0.81%, respectively (Wang and 412 
Hopke, 2013). However, those of OC, EC and NO-3 in PM2.5 in Beijing were much 413 
lower compared to San Jose, respectively, 12.5%, 3.7% and 8.4% (Zhang et al., 2013). 414 
Similarly, the relative mass percentages of OC, EC and NO-3 in PM10 in Seoul were 415 
also at the low levels, respectively 15.3%, 4.5% and 12.1% (Yi and Hwang, 2014). 416 
The results from positive matrix factorization (PMF) showed that the contributions 417 
from vehicles, combustion and secondary reactions together accounted for more 418 
ambient PM2.5/PM10 in San Jose (81.8%) in comparison with Beijing (56%) and Seoul 419 
(48.1%). In contrast, fugitive dusts, generally believed to be less toxic, were reported 420 
to contribute more to PM10 in Seoul (34.9%) and to PM2.5 in Beijing (16%) than to 421 
PM2.5 in San Jose (5.1%) (Wang and Hopke, 2013; Yi and Hwang, 2014; Zhang et al., 422 
2013). It was reported that in Beijing dust sources could contribute as much as 31-40% 423 
to PM10 during Asian dust storm (Liu et al., 2014a). Previous studies reported 424 
different results on source apportionment of ambient PM using different models or 425 
sampling in different seasons. For example, it was investigated using chemical mass 426 
balance (CMB) that in wintertime only the wood combustion contributed over 45% 427 
and as high as 81%, to ambient PM in San Jose, Sacramento and Modesto that are 428 
close to San Francisco (Chow et al., 1995; Kleeman et al., 2009). Vehicular emissions, 429 
incomplete combustion and secondary reactions were described to contribute larger 430 
fractions to the total generation of ROS than other sources (Charrier et al., 2015; 431 
Chung et al., 2006; Fang et al., 2015; Liu et al., 2014b; Verma et al., 2015). In 432 
addition to particle composition, a recent work showed that air samples collected into 433 
13 different size ranges (10 nm to 18 µm) for Beijing and Zürich had remarkably 434 
different size distributions and size-specific toxicity (Yue et al., 2018). This could be 435 
also true for the cities investigated here that particles collected from different cities, 436 
e.g., Beijing and Zürich, could have different size distributions, thus influencing its 437 
toxicity. Thus, it is not surprising that ambient PM samples from some cities (such as 438 
San Francisco) with low annual average PM concentration (usually termed as good air 439 
quality) were found to exhibit higher toxicity per unit of PM mass. 440 
 441 
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PM-borne endotoxin and associated microbes differed significantly among global 442 
cities 443 
To study its influence on PM toxicity, PM-borne endotoxin levels among different 444 
world cities were analyzed and shown in Fig. 3. Kruskal-Wallis tests revealed 445 
statistically significant differences (p-values <= 0.001) in both mass-normalized and 446 
volume-normalized endotoxin levels among 19 different cities (no comparisons were 447 
made for any two cities here). As observed from Fig. 3a, mean values of endotoxin 448 
fractions in PM for different cities were found to vary significantly by two orders of 449 
magnitude from 12.16 ± 7.74 EU/mg (mean value ± standard deviation, hereinafter) 450 
in Florianopolis, Brazil to 2518.23 ± 5229.89 EU/mg in Chennai, India. The same as 451 
Chennai, PM in Seoul (1117.3 ± 1864. 48 EU/mg), Chinese mainland cities, i.e., 452 
Beijing (396.48 ± 269.83 EU/mg), Shanghai (580.50 ± 73.40 EU/mg), Guangzhou 453 
(148.80 ± 151.32 EU/mg) and Haikou (846.77 ± 692.04 EU/mg), Johannesburg 454 
(178.22 ± 187.90 EU/mg) and Warsaw (184.37 ± 130.89 EU/mg) also contained high 455 
levels of endotoxin. Stolberg, Germany was detected to exhibit a relatively high level 456 
of PM-borne endotoxin fraction of 646.41 ± 912.99 EU/mg, while other West 457 
European cities were in general found to have lower levels of mean value around 50 458 
EU/mg PM. Other cities located in Southeast Asia, America and Australia exhibited 459 
low levels of PM-borne average endotoxin, less than 100 EU/mg as shown in Fig. 3a. 460 
The endotoxin fractions in PM partly agree with previous studies in term of its 461 
magnitude. The ambient endotoxin in San Francisco (30.21 EU/mg) in this study were 462 
relatively comparable to the PM10-associated endotoxin level in Southern California 463 
(13.6 EU/mg) (Mueller-Anneling et al., 2004). The ambient endotoxin in Beijing 464 
(396.48 EU/mg) in this study, however, was much higher than the PM2.5-borne 465 
endotoxin in Beijing (10.25 EU/mg) reported by Guan et al. (2014). The differences 466 
could partially result from different sampling methods, thus collecting different size 467 
PM samples. For example, studies showed that airborne endotoxin was detected 468 
mainly in PM2.5-10 fraction (Heinrich et al., 2003; Schins et al., 2004; Tager et al., 469 
2010). Nonetheless, these data suggest that same mass of PM from different cities 470 
contained different amounts of endotoxin. In addition to mass-normalized endotoxin, 471 
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Fig. 3b visually presents the air volume-normalized endotoxin concentrations 472 
estimated using equation (2) for each of studied cities by considering their annual 473 
average PM10 levels (grouped into five levels as shown in the legend using Jenks 474 
Natural Breaks in ArcGIS 10.2). It can be clearly recognized from Fig. 3b that 475 
airborne endotoxin concentration level (EU/m3) was extremely high in Chennai; other 476 
high levels of airborne endotoxin appeared with Seoul, Shanghai, Beijing and Haikou; 477 
cities with medium levels included Stolberg, Johannesburg, Guangzhou and Warsaw; 478 
the remaining cities were found to have relatively lower levels of airborne endotoxin. 479 
Our results here implied that people from different cities as studied here could likely 480 
have significantly different endotoxin inhalation exposure due to various factors, such 481 
as such as PM mass concentration.  482 
 483 
 484 
Fig. 3 (a) Boxplots of endotoxin fractions in PM (TSP); and (b) airborne endotoxin 485 
concentration estimates from dust-borne shown in (a) across different world cities 486 
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(EU/m3). In (a), the upper and lower ends of the box respectively represent 75% and 487 
25% percentiles; the vertical bars above and below respectively indicate 90th and 10th 488 
percentiles, with the upper and lower circles showing the data outside 90th and 10th 489 
percentiles; the lines inside the box are for mean (bold ones) and median values. 490 
p-value is the statistical result of Kruskal-Wallis Test.  491 
 492 
To further study endotoxin-related biologicals, we analyzed bacterial contents in 493 
the PM samples. Fig. 4 presents (a) results of bacteria (both total and culturable) along 494 
with fungi fractions in PM collected from studied cities, and (b) correlations of the 495 
ratio of culturable bacteria to fungi (B/F ratio) with annual average minimum and 496 
maximum temperatures. Kruskal-Wallis tests showed statistically significant 497 
differences in all studied contents (i.e., total bacteria, culturable bacteria and 498 
culturable fungi) among different world cities with p-values of <=0.001. As observed 499 
from Fig. 4a, total bacteria (1.01×104-6.81×105 cells/mg), culturable bacteria 500 
(2.73×102-1.45×104 CFU/mg) and fungal (1.48-421.48 CFU/mg) were shown to vary 501 
significantly up to 100-fold among different cities, which thus could strongly 502 
influence the PM toxicity. In our recent work, it was shown that PM samples collected 503 
from global cities also had significant bacterial community structures (Li et al., 2018; 504 
https://www.ncbi.nlm.nih.gov/sra/PRJNA525745), further contributing to different 505 
toxicity of PM observed. 506 
 507 
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 508 
Fig. 4 (a) Average concentrations with standard deviations of total bacteria, culturable 509 
bacteria and culturable fungi in PM across 19 world cities; wherein standard 510 
deviations (error bars) were calculated from results of independent AC filter samples 511 
from each city as shown in Fig. 1; and (b) the correlation of the ratio of culturable 512 
bacteria to fungi (B/F ratio) with annual average daily minimum and maximum 513 
temperatures.  514 
 515 
To explore the associations between PM-borne endotoxin fraction and different 516 
microbial fractions, we here performed Spearman’s correlation analyses as shown in 517 
Table S2. Endotoxin was observed to be significantly associated with total bacteria (ρ 518 
= 0.489, p-value = 0.033) rather than culturable bacteria (ρ = 0.172, p-value = 0.475), 519 
because release of endotoxin molecule follows not only the growth of gram-negative 520 
bacteria but also mostly their cell lysis (Beutler and Rietschel, 2003; Liebers et al., 521 
2008). On the other hand, endotoxin was shown to be positively associated both PM2.5 522 
(ρ = 0.560, p-value = 0.013) and PM10 (ρ = 0.459, p-value = 0.047) mass 523 
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concentration as shown in Table S2. All above results reflected that different bacterial 524 
contents per unit of PM mass as shown in Fig.4a and different PM2.5 and PM10 mass 525 
concentration levels as presented in Fig. 1b could lead to different levels of PM-borne 526 
endotoxin for different cities. 527 
 528 
The associations of B/F ratio with the meteorological factors are additionally 529 
listed in Table S1, including temperature (Fig. 4b), relative humidity and precipitation 530 
(Fig. S1). The results revealed only a significant, negative correlation between B/F 531 
ratio and daily minimum temperature (ρ = -0.602, p-value = 0.006) as well as daily 532 
maximum temperature (ρ = -0.563, p-value = 0.012) in this work. Our results 533 
suggested that temperature changes (minimum and maximum) affect bacteria and 534 
fungi differently, i.e., the inhibition effect for bacterial growth, in contrast to a 535 
promotion effect for fungal growth; which are consistent with some previous studies 536 
(Jones and Harrison, 2004; Lighthart and Shaffer, 1995). Our results here indicated 537 
that different meteorological conditions in different cities would influence the 538 
microbial compositions (bacteria and fungi) of PM including the endotoxin fraction, 539 
and thus the PM OP according to a recent work by Samake et al. (2017). Accordingly, 540 
sole use of PM mass concentration levels without considering PM-borne microbial 541 
contents might not be adequate for assessing the health impacts of ambient PM. 542 
 543 
We additionally performed the Spearman’s correlation analysis of PM OP here 544 
between biological fractions and PM2.5 and PM10 mass concentrations. The results 545 
only showed a significantly negative association between NIOG and culturable fungi 546 
fraction in PM as shown in Table S3 (ρ = -0.481, p-value = 0.037). A number of recent 547 
studies has showed that PM-borne microorganisms in the atmosphere could modify 548 
the ambient OP through the biodegradation of H2O2 oxidants (Vaïtilingom et al., 2011, 549 
2013). However, the specific oxidative reactivity of bioaerosols was reported to vary 550 
with the specific genera or species of microorganisms (Samake et al., 2017). Previous 551 
studies also demonstrated that endotoxin molecules could promote ROS generation 552 
both alone and in interaction with other species in PM (Di et al., 2011; Hsu and Wen, 553 
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2002; Simon and Fernandez, 2009; Takano et al., 2002). Here, the relationship 554 
between endotoxin and NIOG, shown to be statistically insignificantly correlated (ρ = 555 
0.009, p-value = 0.968), might be possibly modified as discussed above by the 556 
different microbial community compositions reported for different cities in our 557 
recently published work (Li et al., 2018). The PM OP was also found to have no 558 
significant correlation with either PM2.5 or PM10 mass concentration, which agreed 559 
with the findings in a previous study in Europe (Künzli et al., 2006). Overall, the OP 560 
of PM could be affected greatly by their chemical and biological compositions, 561 
however much work is needed to further elucidate the relevant influencing 562 
mechanisms. 563 
 564 
PM2.5 oxidative potential evolved significantly over a past decade in Xi’an, China 565 
In the past years, benefiting from various control measures several major Chinese 566 
cities such as Beijing and Xi’an were observed to have declines in annual PM2.5 mass 567 
concentration levels (Han et al., 2009; Huang et al., 2015; Wu et al., 2011; Zhang et 568 
al., 2013). In this work, as an example, we studied changes in OP for ambient PM2.5 in 569 
2004, 2009 and 2014 (a 10-year time period) in Xi’an, China. Fig. 5a respectively 570 
presents box plots of mass-normalized PM2.5 OP in NIOG values, PM2.5 mass 571 
concentrations, and estimated volume-normalized air OP in NIOGpcbm values during 572 
heating seasons and non-heating seasons of 2004, 2009 and 2014. The complete time 573 
series of daily PM2.5 mass concentration observed in this work are shown in Fig. S2. 574 
Table 1 shows the statistical results on NIOG, PM2.5 mass concentration, NIOGpcbm 575 
for 2004, 2009 and 2014 respectively in heating seasons and non-heating seasons. For 576 
heating seasons, Friedman Test shows that NIOG values among 2004, 2009, and 2014 577 
differed significantly (p-value = 0.021) as observed in Table 1 with the order of: 2014 > 578 
2009 > 2004. These data imply that PM2.5 OP had increased over the past decade 579 
during heating seasons. In contrast, for non-heating seasons, PM2.5 OP seemed to 580 
follow a similar pattern with the PM2.5 mass concentration, i.e., it first slightly 581 
increased from 2004 to 2009, and then significantly decreased starting from 2009 582 
when significant control measures have been implemented. For example, according to 583 
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Xi’an Environmental Protection Bureau, the “Xi’an City motor vehicle emission 584 
prevention and control regulations” had come into force upon September 1st, 2009. 585 
The regulations clearly defined the prevention and control, the determination and 586 
treatment and the related legal liabilities. Xi’an successively implemented the Tier III 587 
of China vehicle emission standard and the Tier IV of China vehicle emission 588 
standard from August 1st, 2008 and June 1st, 2012 (Xi’an Environmental Protection 589 
Bureau). Surprisingly, Kruskal-Wallis Test suggested that the NIOG values in 590 
non-heating seasons were significantly higher than those in heating seasons during 591 
2004 (p-value = 0.010) and 2009 (p-value = 0.048); and then the two seemed to be 592 
fairly equal (a turning point for PM2.5 OP) in 2014 (p-value = 0.903). This 593 
phenomenon could be due to higher fraction of PM2.5 from non-biogenic sources 594 
during the non-heating seasons for 2004 and 2009 as discussed above. As observed 595 
from Fig. 5a, PM2.5 mass concentrations in heating seasons were generally higher than 596 
those in non-heating seasons all the time. Supposedly, the PM toxicity change from 597 
2009 to 2014 during non-heating season were due to changes in PM2.5 compositions, 598 
e.g., fewer emissions from industry and other non-biogenic emissions due to strict 599 
prevention and control policies implemented for the year of 2014. The results of 600 
NIOGpcbm shown in Fig. 5a imply that the overall PM2.5 OP per cubic meter of air 601 
during the heating seasons in 2014 was shown to be 2.44 times that in 2004. For 602 
heating seasons, the PM2.5 OP per unit volume of air (NIOGpcbm) increased rapidly 603 
(roughly by 2.42 times) from 2004 to 2009, and then decreased by 40% from 2009 to 604 
2014 due to strict control implementation. In contrast, for the non-heating seasons, the 605 
mean NIOGpcbm value in 2014 was about 1.81 times lower than that in 2004, although 606 
there was a slight increase (about 5.79%) from 2004 to 2009. These data show that the 607 
air pollution control practices have been taking effects at least during the non-heating 608 
seasons over the past decade in Xi’an, and heating significantly affects air toxicity. 609 
 610 
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 611 
Fig. 5 (a) Boxplots of NIOG values, PM2.5 mass concentrations and NIOGpcbm values 612 
in heating seasons (from 25th November to 6th or 7th March) and non-heating seasons 613 
(from 25th March to 6th or 7th November), and (b) average fractions with standard 614 
deviations in form of error bars of PM2.5-borne trace elements in summer and winter 615 
during 2004, 2009 and 2014. In (a) upper and lower ends of the box represent 75% 616 
and 25% percentiles, respectively; the circle and line indicate geometric mean and 617 
median values, with the vertical bars showing the 90th and 10th percentiles, 618 
respectively.  619 
 620 
Table 1 The Friedman Tests of NIOG, PM2.5 mass concentration, NIOGpcbm among 621 
2004, 2009 and 2014 in heating seasons and non-heating seasons separately, and 622 
Kruskal-Wallis Tests of those between heating seasons and non-heating seasons in 623 
2004, 2009 and 2014, respectively.  624 
p-value 
Friedman Tests among 2004, 
2009 and 2014  
Kruskal-Wallis Tests between 
heating and non-heating seasons 
Heating 
seasons  
Non-heating 
seasons 
 04 09 14 
NIOG 0.021* 0.135  0.01* 0.048* 0.903 
PM2.5 mass 
conc. (µg/m3) 0.607 0.046
*
 
 0.121 0.02* 0.132 
NIOGpcbm  
(µg 1,4-NQ/m3)
 
0.021* 0.019*  0.023* 0.404 0.302 
*p-value < 0.05. 625 
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 626 
These results shown above are largely attributed to the adopted changes for the 627 
energy consumption and permanent population in Xi’an as shown in Supplementary 628 
Excel file S2 obtained from Xi’an Statistical Yearbooks (2005-2015). The permanent 629 
population and the raw coal consumption mostly used in heating seasons had 630 
respectively increased by 16% and 52% from 2004 to 2009, and then continued to 631 
increase but with lower rates of 2% and 23% from 2009 to 2014. Coal combustion has 632 
been reported to be strongly associated with increased mortality risk through inducing 633 
the ROS production (Hu et al., 2014; Laden et al., 2000; Lelieveld et al., 2015), and a 634 
major contributor to the PM2.5 during heating seasons (1-7%) than during non-heating 635 
seasons (24.1-57%) (Cao et al., 2005; Zhang et al., 2013). Here, the PM2.5 OP in Xi’an 636 
was observed to increase by 2.53 times from 2004 to 2014 during heating seasons. In 637 
contrast to the raw coal, the usages of other energies including crude oil, gasoline and 638 
diesel had respectively decreased by 14%, 1315% and 452% from 2009 to 2014 as 639 
observed from Supplementary Excel file S2. Therefore, the PM2.5 OP during 640 
non-heating time of 2014 was significantly lower than those in 2004 and 2009. It 641 
should be also noted that previously observed higher fractions of EC, OC and 642 
transition metals per µg of PM2.5 during the non-heating seasons in Xi’an (Huang et 643 
al., 2012) could partially explain why PM2.5 OP during non-heating seasons was 644 
observed to be significantly higher than those during heating seasons for 2004 and 645 
2009. The results here imply that PM2.5 even during the non-heating seasons should 646 
be controlled to protect elderly and children with low immunity, especially for places 647 
where non-biogenic control measures are not in place.  648 
 649 
To further analyze the reasons for observed PM2.5 OP changes, the metal elements 650 
of PM2.5 samples of summer (June, July and August) and winter (December, January 651 
and February) and the total bacteria (possible toxicity modifier) in all PM2.5 samples 652 
were analyzed, and presented in Fig. 5b and Fig. S3, respectively. Friedman Tests 653 
showed significant inter-annual differences in Cd (04 > 09 > 14), Pb (04 > 09 > 14), U 654 
(09 > 04 > 14) and Na (14 > 04 > 09) for summer (p-values = 0.007, 0.007, 0.015 and 655 
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0.042) and in Se (14 > 09 > 04) only for winter (P = 0.011), as shown in Table S4. For 656 
summer, the non-heating season, decreased levels in Cd, Pb and U, which are often 657 
used as the industrial emission markers, together with increased Na, and usually 658 
enriched in crustal materials (Calvo et al., 2013), might explain the lowest NIOG 659 
values for PM2.5 during non-heating seasons in 2014 as discussed above. For winter, 660 
Se, one of the typical coal combustion emission marker (Calvo et al., 2013), increased 661 
from 2004 to 2014 due to the increase in population size, which had coincidence with 662 
the increased NIOG values for PM2.5 during heating seasons as discussed above. 663 
These data indicate that changes in the oxidative potential of PM2.5 were in part due to 664 
the changes of metal contents in the PM2 samples as a result of various air pollution 665 
control measures. Certainly, these observations could also occur to other world cities 666 
other than Xi’an here if similar air pollution control measures are adopted. 667 
Spearman’s correlation analyses additionally showed significant, positive associations 668 
between the PM2.5 OP with PM2.5-borne bacteria (ρ = 0.250, p-value = 0.038), element 669 
P (ρ = 0.346, p-value = 0.045), Cr (ρ = 0.373, p-value = 0.030) and Na (ρ = 0.459, 670 
p-value = 0.007), as shown in Table S5.  671 
 672 
In this work, we have detected significant differences (p-values <= 0.001, 673 
Kruskal-Wallis test) in both microbial contents and toxicity of PM among 19 global 674 
cities. The biological components were also shown to vary greatly with geographical 675 
locations. Xi’an’s samples also showed the PM OP could also evolve over the time as 676 
a result of changes from the ground activities and air pollution measures. Here, we 677 
used Xi’an as an example to study the impacts of time and season on the PM toxicity. 678 
In future studies, more samples and locations around the world can be included to 679 
improve spatial PM toxicity resolutions. The AC filter collection efficiencies as well 680 
as sample representativeness should be evaluated against other common methods. Our 681 
work just provides an overall glimpse of air toxicity differences across the global 682 
cities, and a more quantitate assessment would require both higher temporal and 683 
spatial resolution with controlled influencing factors. The results obtained herein 684 
highlight the importance in optimizing current air quality control measures by 685 
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considering both biologicals and toxicity factor of PM. 686 
 687 
Supporting Information 688 
The supporting information includes the following tables:  689 
Tables： 690 
Table S1  691 
Meteorological conditions in 19 sampling cities;  692 
Table S2  693 
Spearman’s correlations of endotoxin fractions in PM with bacteria/fungal levels 694 
and the mass concentrations of PM2.5 and PM10 across world cities;  695 
Table S3  696 
Spearman’s correlations of NIOG values with biological fractions and the mass 697 
concentrations of PM2.5 and PM10 across world cities;  698 
Table S4  699 
Friedman Tests of Xi’an PM2.5-contained trace elements in PM2.5 samples among 700 
2004, 2009 and 2014 during summer and winter, respectively;  701 
Table S5  702 
Spearman’s correlations of Xi’an PM2.5 NIOG values with PM2.5-borne bacteria 703 
(PM2.5 sample size: 72) and different PM2.5-borne trace elements in summer and 704 
winter (PM2.5 sample size: 36);  705 
Figures: 706 
Fig. S1  707 
The correlation of the average ratio of culturable bacteria to fungi (B/F ratio) in 708 
ambient PM samples from 19 cities with annual average relative humidity (RH) and 709 
annual precipitation of these 19 cities; 710 
Fig. S2 711 
24-hour average PM2.5 mass concentrations in 2004, 2009 and 2014; solid line: 712 
population density of Xi’an city in 2004, 2009 and 2014 according to Xi’an Statistical 713 
Yearbook (2005, 2010 and 2015); shadow zone: the yearly heating seasons (from 714 
November 15 to March 15) in Xi’an. 715 
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Fig. S3  716 
Concentrations of PM2.5-borne total bacteria in 2004, 2009 and 2014; shadow 717 
zone: the yearly heating seasons (from November 15 to March 15) in Xi’an. 718 
Excel files: 719 
Excel file S1 720 
The information of total PM2.5 samples collected in Xi’an, China. 721 
Excel file S2 722 
The statistical data for energy consumption and the permanent population in 723 
Xi’an, China from 2004 to 2014. 724 
 725 
Acknowledgements 726 
This study was supported by the NSFC Distinguished Young Scholars Fund 727 
Awarded to M. Yao (21725701), and the National Natural Science Foundation of 728 
China (Grants 91543126, 21611130103, 21477003, 41121004), the Ministry of 729 
Science and Technology (grants 2016YFC0207102, 2015CB553401, and 730 
2015DFG92040). We thank Piotr Grzybowsi for help with the sample collection. We 731 
also thank the “Gao Tingyao Scholarship for National Outstanding Young Award” to 732 
Jing Li from Shanghai Tongji Gao Tingyao Environmental Science & Technology 733 
Development Foundation. 734 
 735 
Competing Financial Interests 736 
The authors declare no competing financial interests in association with this 737 
study. 738 
 739 
References 740 
Bell, M. L.; Francesca, D.; Keita, E.; Scott, L. Z.; Jonathan, M. S. Spatial and 741 
temporal variation in PM2.5 chemical composition in the United States for health 742 
effects studies. Environ. Health Persp. 2007, 115, 989-995. 743 
Beutler, B.; Rietschel, E. T. Innate immune sensing and its roots: the story of 744 
endotoxin. Nat. Rev. Immunol. 2003, 3, 169-176.  745 
Brook, R. D.; Rajagopalan, S.; Pope III, C. A.; Brook, J. R.; Bhatnagar, A.; Diez-Roux, 746 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
29 
 
A. V.; Holguin, F.; Hong, Y.; Luepker, R. V.; Mittleman, M. A.; Peters, A.; 747 
Siscovick, D.; Smith, S. C.; Whitsel, L.; Kaufman, J. D. Particulate matter air 748 
pollution and cardiovascular disease: An update to the scientific statement from 749 
the American Heart Association. Circulation 2010, 121, 2331-2378. 750 
Calvo, A. I.; Alves, C.; Castro, A.; Pont, V.; Vicente, A. M.; Fraile, R. Research on 751 
aerosol sources and chemical composition: Past, current and emerging issues. 752 
Atmos. Res. 2013, 120-121, 1-28. 753 
Cao, J. J., Wu, F.; Chow, J. C.; Lee S. C. Characterization and source apportionment 754 
of atmospheric organic and elemental carbon during fall and winter of 2003 in 755 
Xi'an, China. Atmos. Chem. Phys. 2005, 5, 3127-3137. 756 
Charrier, J. G.; Richards-Henderson, N. K.; Bein, K. J.; McFall, A. S.; Wexler, A. S.; 757 
Anastasio, C. Oxidant production from source-oriented particulate matter - Part 1: 758 
Oxidative potential using the dithiothreitol (DTT) assay. Atmos. Chem. Phys. 759 
2015, 15, 24149-24181. 760 
Chen, H.; Li, J.; Zhang, X.; Li, X.; Yao, M.; Zheng, G. Automated in vivo 761 
nano-sensing of breath-borne protein biomarkers. Nano Lett. 2018, 18, 762 
4716-4726.  763 
Chow, J. C.; Fairley, D.; Watson, J. G.; DeMandel, R.; Fujita, E. M.; Lowenthal, D. H.; 764 
Lu, Z.; Frazier, C. A.; Long, G.; Cordova, J. Source Apportionment of Wintertime 765 
PM10 at San Jose, Calif. J. Environ. Eng. 1995, 21, 378-387. 766 
Chung, M. Y.; Lazaro, R. A.; Lim, D.; Jackson, J.; Lyon, J.; Rendulic, D.; Hasson, A. 767 
S. Aerosol-borne quinones and reactive oxygen species generation by particulate 768 
matter extracts. Environ. Sci. Technol. 2006, 40, 4880-4886. 769 
Di, A.; Gao, X.-P.; Qian, F.; Kawamura, T.; Han, J.; Hecquet, C.; Ye, R. D.; Vogel, S. 770 
M.; Malik, A. B. The redox-sensitive cation channel TRPM2 modulates 771 
phagocyte ROS production and inflammation. Nat. Immunol. 2011, 13, 29. 772 
Fang, T.; Guo, H. H.; Verma, V.; Peltier, R. E.; Weber, R. J. PM2.5 water-soluble 773 
elements in the southeastern United States: automated analytical method 774 
development, spatiotemporal distributions, source apportionment, and 775 
implications for heath studies. Atmos. Chem. Phys. 2015, 15, 11667-11682. 776 
GB/T 14506.30-2010. Methods for Chemical Analysis of Silicate Rocks-Part 30: 777 
Determination of 44 Elements. Beijing: General Administration of Quality 778 
Supervision, Inspection and Quarantine of the People's Republic of China, 779 
Standardization Administration of the People’s Republic of China, 2010. 780 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
30 
 
GB3095-2012. Ambient air quality standards in China. Beijing: Ministry of 781 
Environmental Protection, General Administration of Quality Supervision, 782 
Inspection and Quarantine of the People's Republic of China, 2012. 783 
Guan, T.; Yao, M.; Wang, J.; Fang, Y.; Hu, S.; Wang, Y.; Dutta, A.; Yang, J.; Wu, Y.; 784 
Hu, M.; Zhu, T. Airborne endotoxin in fine particulate matter in Beijing. Atmos. 785 
Environ. 2014, 97, 35-42. 786 
Han, Y. M.; Cao, J. J.; Lee, S. C.; Ho, K. F. Different characteristics of char and soot 787 
in the atmosphere and their ratio as an indicator for source identification in Xi'an, 788 
China. Atmos. Chem. Phys. 2009, 9, 1487-1495. 789 
Heinrich, J.; Pitz, M.; Bischof, W.; Krug, N.; Borm, P. J. A. Endotoxin in fine (PM2.5) 790 
and coarse (PM2.5-10) particle mass of ambient aerosols. A temporo-spatial 791 
analysis. Atmos. Environ. 2003, 37, 3659-3667. 792 
Hsu, H. Y.; Wen, M. H. Lipopolysaccharide-mediated reactive oxygen species and 793 
signal transduction in the regulation of interleukin-1 gene expression. J. Biol. 794 
Chem. 2002, 277, 22131-22139. 795 
Hu, W.; Downward, G. S.; Reiss, B.; Xu, J.; Bassig, B. A.; Hosgood III, H. D.; 796 
Zhang, L.; Seow, W. J.; Wu, G.; Chapman, R. S.; Tian, L.; Wei, F.; Vermeulen, R.; 797 
Lan, Q. Personal and indoor PM2.5 exposure from burning solid fuels in vented 798 
and unvented stoves in a rural region of China with a high incidence of lung 799 
cancer. Environ. Sci. Technol. 2014, 48, 8456–8464. 800 
Huang, P.; Zhang, J. Y.; Tang, Y. X.; Liu, L. Spatial and temporal distribution of PM2.5 801 
pollution in Xi'an city, China. Int. J. Env. Res. Pub. Heal. 2015, 12, 6608-6625. 802 
Huang, S.-L.; Hsu, M.-K.; Chan, C.-C. Effects of submicrometer particle 803 
compositions on cytokine production and lipid peroxidation of human bronchial 804 
epithelial cells. Environ. Health Persp. 2013, 111, 478-482. 805 
Huang, W.; Cao, J. J.; Tao, Y. B.; Dai, L.Z.; Lu, S. E.; Hou, B.; Zhu, T. Seasonal 806 
variation of chemical species associated with short-term mortality effects of 807 
PM2.5 in Xi’an, a central city in China. Am. J. Epidemiol. 2012, 175, 556-566. 808 
Jones, A. M.; Harrison, R. M. The effects of meteorological factors on atmospheric 809 
bioaerosol concentrations - A review. Sci. Total. Environ. 2004, 326, 151-180. 810 
Kleeman, M. J.; Riddle, S. G.; Robert, M. A.; Jakober, C. A.; Fine, P. M.; Hays, M. D.; 811 
Schauer, J. J.; Hanningan, M. P. Source Apportionment of Fine (PM1.8) and 812 
Ultrafine (PM0.1) Airborne Particulate Matter during a Severe Winter Pollution 813 
Episode. Environ. Sci. Technol. 2009, 43, 272-279. 814 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
31 
 
Kramer, A. J.; Rattanavaraha, W.; Zhang, Z.; Gold, A.; Surratt, J. D.; Lin, Y. H. 815 
Assessing the oxidative potential of isoprene-derived epoxides and secondary 816 
organic aerosol. Atmos. Environ. 2016, 130, 211-218. 817 
Künzli, N.; Mudway, I. S.; Götschi, T.; Shi, T.; Kelly, F. J.; Cook, S.; Burney, P.; 818 
Forsberg, B.; Gauderman J. W.; Hazenkamp, M. E.; Heinrich, J.; Jarvis, D.; 819 
Norbäck, D.; Payo-Losa, F.; Poli, A.; Sunyer, J.; Borm P. J. A. Comparison of 820 
Oxidative Properties, Light Absorbance, and Total and Elemental Mass 821 
Concentration of Ambient PM2.5 Collected at 20 European Sites. Environ. Health 822 
Persp. 2006, 114, 684-690. 823 
Laden, F.; Neas, L. M.; Dockery, D. W.; Schwartz, J. Association of fine particulate 824 
matter from different sources with daily mortality in six U.S. cities. Environ. 825 
Health Persp. 2000, 108, 941-947. 826 
Lelieveld, J.; Evans, J. S.; Fnais, M.; Giannadaki, D.; Pozzer, A. The contribution of 827 
outdoor air pollution sources to premature mortality on a global scale. Nature 828 
2015, 525, 367-371. 829 
Li, J.; Cao, J.; Zhu, Y.-G.; Chen, Q.-L.; Shen, F.; Wu, Y.; Xu, S.; Fan, H.; Da, G.; 830 
Huang, R.-J.; Wang, J.; de Jesus, A. L.; Morawska, L.; Chan, C. K.; Peccia, J.; 831 
Yao M. Global survey of antibiotic resistance genes in air. Environ. Sci. Technol. 832 
2018, 52, 10975-10984. 833 
Li, J.; Li, M.; Shen, F.; Zou, Z.; Yao, M.; Wu, C.-Y. Characterization of Biological 834 
Aerosol Exposure Risks from Automobile Air Conditioning System. Environ. Sci. 835 
Technol. 2013, 47, 10660-10666. 836 
Li, N.; Sioutas, C.; Cho, A.; Schmitz, D.; Misra, C.; Sempf, J.; Wang, M.; Oberley, T.; 837 
Froines, J.; Nel, A. Ultrafine particulate pollutants induce oxidative stress and 838 
mitochondrial damage. Environ. Health Persp. 2003, 111, 455-460. 839 
Li, Q.; Wyatt, A.; Kamens, R. M. Oxidant generation and toxicity enhancement of 840 
aged-diesel exhaust. Atmos. Environ. 2009, 43, 1037-1042. 841 
Liebers, V.; Raulf-Heimsoth, M.; Bruning, T. Health effects due to endotoxin 842 
inhalation (review). Arch. Toxicol. 2008, 82, 203-210. 843 
Lighthart, B.; Shaffer, B. T. Airborne Bacteria in the Atmospheric Surface Layer: 844 
Temporal Distribution above a Grass Seed Field. Appl. Environ. Microb. 1995, 61, 845 
1492-1496. 846 
Lippmann M, Chen L C, Gordon T, et al. National Particle Component Toxicity 847 
(NPACT) Initiative: Integrated epidemiologic and toxicologic studies of the 848 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
32 
 
health effects of particulate matter components. Research Report, 2013, 849 
177(177):5-13. 850 
Liu, Q.; Liu, Y.; Yin, J.; Zhang, M.; Zhang, T. Chemical characteristics and source 851 
apportionment of PM10, during Asian dust storm and non-dust storm days in 852 
Beijing. Atmos. Environ. 2014a, 91, 85-94.  853 
Liu, Q.; Baumgartner, J.; Zhang, Y.; Liu, Y.; Sun, Y.; Zhang, M. Oxidative potential 854 
and inflammatory impacts of source apportioned ambient air pollution in Beijing. 855 
Environ. Sci. Technol. 2014b, 48, 12920-12929. 856 
Ma, Y.; Wang, Z.; Tan, Y.; Xu, S.; Kong, S.; Wu, G.; Wu, X.; Li, H. Comparison of 857 
inorganic chemical compositions of atmospheric TSP, PM10 and PM2.5 in northern 858 
and southern Chinese coastal cities. J. Environ. Sci. 2017, 55(5):, 339-353 859 
Manzano-León, N.; Serrano-Lomelin, J.; Sánchez, B. N.; Quintana-Belmares, R.; 860 
Vega, E.; Vázquez-López, I.; Rojas-Bracho, L.; López-Villegas, M. T.; 861 
Vadillo-Ortega, F.; De Vizcaya-Ruiz, A.; Rosas Perez, I.; O’Neill, M. S.; 862 
Osornio-Vargas, A. R. TNFα and IL-6 responses to particulate matter in vitro: 863 
variation according to PM size, season, and polycyclic aromatic hydrocarbon and 864 
soil content. Environ. Health Persp.2016, 124, 406–412. 865 
Mcwhinney, R. D.; Badali, K.; Liggio, J.; Li, S. M.; Abbatt, J. P. Filterable redox 866 
cycling activity: a comparison between diesel exhaust particles and secondary 867 
organic aerosol constituents. Environ. Sci. Technol. 2013, 47, 3362-3369. 868 
Mueller-Anneling, L.; Avol, E.; Peters, J. M.; Thorne, P. S. Ambient endotoxin 869 
concentrations in PM10 from Southern California. Environ. Health Persp. 2004, 870 
112, 583-588. 871 
Nadkarni, M. A.; Martin, F. E.; Jacques N. A.; Hunter, N. Determination of bacterial 872 
load by real-time PCR using a broad-range (universal) probe and primers set. 873 
Microbiology, 2002, 148, 257-266. 874 
Samake, A.; Uzu, G.; Martins, J. M. F.; Calas, A.; Vince, E.; Parat, S.; Jaffrezo, J. L. 875 
The unexpected role of bioaerosols in the Oxidative Potential of PM. Sci. Rep. 876 
2017, 7, 10978. 877 
Schins, R. P.; Lightbody, J. H.; Borm, P. J.; Shi, T.; Donaldson, K.; Stone, V. 878 
Inflammatory effects of coarse and fine particulate matter in relation to chemical 879 
and biological constituents. Toxicol. Appl. Pharm. 2004, 195, 1-11. 880 
Simon, F.; Fernandez, R. Early lipopolysaccharide-induced reactive oxygen species 881 
production evokes necrotic cell death in human umbilical vein endothelial cells. J. 882 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
33 
 
Hypertens. 2009, 27, 1202-1216. 883 
Sorensen, M.; Daneshvar, B.; Hensen, M.; Dragsted, L. O.; Hertel, O.; Knudsen, L.; 884 
Loft, S. Personal PM2.5 exposure and markers of oxidative stress in blood. 885 
Environ. Health Persp. 2003, 111, 161-165. 886 
Strak, M.; Janssen, N. A.; Godri, K. J.; Gosens, I.; Mudway, I. S.; Cassee, F. R.; 887 
Lebret, E.; Kelly, F. J.; Harrison, R. M.; Brunekreef, B.; Steenhof, M.; Hoek, G. 888 
Respiratory health effects of airborne particulate matter: the role of particle size, 889 
composition, and oxidative potential-the RAPTES project. Environ. Health Persp. 890 
2012, 120, 1183-1189. 891 
Suffredini, A. F.; Fromm, R. E.; Parker, M. M.; Brenner, M.; Kovacs, J. A.; Wesley, R. 892 
A.; Parrillo, J. E. The cardiovascular response of normal humans to the 893 
administration of endotoxin. N. Engl. J. Med. 1989, 321, 280-287. 894 
Tager, I. B.; Lurmann, F. W.; Haight, T.; Alcorn, S.; Penfold, B.; Hammond, S. K. 895 
Temporal and spatial patterns of ambient endotoxin concentrations in Fresno, 896 
California. Environ. Health Persp. 2010, 118, 1490-1496. 897 
Takano, H.; Yanagisawa, R.; Ichinose, T.; Sadakane, K.; Yoshino, S.; Yoshikawa, T.; 898 
Morita, M. Diesel exhaust particles enhance lung injury related to bacterial 899 
endotoxin through expression of proinflammatory cytokines, chemokines, and 900 
intercellular adhesion molecule-1. Am. J. Respir. Crit. Care Med. 2002, 165, 901 
1329-1335. 902 
Tuomisto J T, Wilson A, Evans J S, et al. Uncertainty in mortality response to airborne 903 
fine particulate matter: Combining European air pollution experts. Reliability 904 
Engineering and System Safety, 2008, 93(5):732-744. 905 
U.S. EPA. National Ambient Air Quality Standards (NAAQS). Washington D. C.: 906 
United States Environmental Protection Agency, 2012. 907 
Vaïtilingom, M.; Charbouillot, T.; Deguillaume, L.; Maisonobe, R. Atmospheric 908 
chemistry of carboxylic acids: microbial implication versus photochemistry. 909 
Atmos. Chem. Phys. 2011, 11, 8721-8733. 910 
Vaïtilingom, M.; Deguillaume, L.; Vinatier, V.; Sancelme, M.; Amato, P.; Chaumerliac, 911 
N.; Delort, A. M. Potential impact of microbial activity on the oxidant capacity 912 
and organic carbon budget in clouds. Proc. Natl. Acad. Sci. 2013, 110, 559-564. 913 
Verma, V.; Fang, T.; Xu, L.; Peltier, R. E.; Russell, A. G.; Ng, N. L.; Weber, R. J. 914 
Organic aerosols associated with the generation of reactive oxygen species (ROS) 915 
by water-soluble PM2.5. Environ. Sci. Technol. 2015, 49, 4646-4656. 916 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
34 
 
Wang, Y.; Hopke, P. K. A ten-year source apportionment study of ambient fine 917 
particulate matter in San Jose, California. Atmos. Pollut. Res. 2013, 4(4), 918 
398-404. 919 
Weichenthal, S. A.; Lavigne, E.; Evans, G. J.; Godri Pollitt, K. J.; Burnett, R. T. Fine 920 
Particulate Matter and Emergency Room Visits for Respiratory Illness. Effect 921 
Modification by Oxidative Potential. Am J Respir Crit Care Med. 2016a, 194, 922 
577-586.  923 
Weichenthal, S.; Lavigne, E.; Evans, G.; Pollitt, K.; Burnett, R. T.. Ambient PM2.5 and 924 
risk of emergency room visits for myocardial infarction: impact of regional PM2.5 925 
oxidative potential: A case-crossover study. Environ. Health 2016b, 15, 46. 926 
WHO. WHO air quality guidelines for particulate matter, ozone, nitrogen dioxide and 927 
sulfur dioxide. Global update 2005: Summary of risk assessment. Geneva: World 928 
Health Organization, 2005. 929 
WHO. WHO global urban ambient air pollution database. Geneva: World Health 930 
Organization, 2016. 931 
Wu, Y.; Wang, R. J.; Zhou, Y.; Lin, B. H.; Fu, L. X.; He, K. B.; Hao, J. M. On-road 932 
vehicle emission control in Beijing: past, present, and future. Environ. Sci. 933 
Technol. 2011, 45, 147-153. 934 
Xi’an Municipal Bureau of Statistics and National Bureau of Statistics Survey Office 935 
in Xi’an. Xi’an Statistical Yearbook. Beijing: China Statistics Press, 2005-2015. 936 
Yao, M.; Wu, Y.; Zhen, S.; Mainelis, G. A comparison of airborne and dust-borne 937 
allergens and toxins collected from home, office and outdoor environments both 938 
in New Haven, United States and Nanjing, China. Aerobiologia 2009, 25, 939 
183-192. 940 
Yi, S. M.; Hwang, J. J. Source Identification and Estimation of Source Apportionment 941 
for Ambient PM10 in Seoul, Korea. Asian Journal of Atmospheric Environment 942 
2014, 8, 115-125. 943 
Yin, P.; Brauer, M.; Cohen, A.; Burnett, R. T.; Liu, J.; Liu, Y.; Liang, R.; Wang, W.; Qi, 944 
J.; Wang, L.; Zhou, M. Long-term Fine Particulate Matter Exposure and 945 
Nonaccidental and Cause-specific Mortality in a Large National Cohort of 946 
Chinese Men. Environ. Health Persp. 2017, 125, 117002. 947 
Yue, Y.; Chen, H.; Setyan, A.; Elser, M.; Dietrich, M.; Li, J.; Zhang, T.; Zhang, X.; 948 
Zheng, Y.; Wang, J.; Yao, M. (2018). Size-Resolved Endotoxin and Oxidative 949 
Potential of Ambient Particles in Beijing and Zürich. Environ. Sci. Technol., 2018, 950 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
35 
 
52, 6816-6824. 951 
Zhang, R.; Jing, J.; Tao, J.; Hsu, S.-C.; Wang, G.; Cao, J.; Lee, C. S. L.; Zhu, L.; Chen, 952 
Z.; Zhao, Y.; Shen, Z. Chemical characterization and source apportionment of 953 
PM2.5 in Beijing: Seasonal perspective. Atmos. Chem. Phys. 2013, 13, 7053-7074. 954 
Zhong, J.; Urch, B.; Speck, M.; Coull, B. A.; Koutrakis, P.; Thorne, P. S.; Scott, J.; Liu, 955 
L.; Brook, R. D.; Behbod, B.; Gibson, H.; Silverman, F.; Mittleman, M. A.; 956 
Baccarelli, A. A.; Gold, D. R. Endotoxin and β-1,3-D-Glucan in concentrated 957 
ambient particles induce rapid increase in blood pressure in controlled human 958 
exposures. Hypertension 2015, 66, 509-516. 959 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
Highlights 
 
Ambient PM toxicity per unit of mass was shown to vary greatly with different cities across the 
world  
 
PM-borne biologicals were shown to exhibit remarkable differences across major cities, 
contributing to the difference of PM toxicity 
 
PM toxicity was shown to evolve over the time as a result of ground human activities as well as 
air pollution control measures 
 
This work highlights the need of taking into account of PM toxicity for future air pollution control 
efforts 
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